Abstract. The aim of this study is to investigate joining parameters that affect microstructure and mechanical properties of diffusion bonding technique in dissimilar joints between SSM7075 and SSM356 aluminum alloys. Diffusion bonding methods were investigated by joining parameters as follows: contact pressure at 3 MPa, holding time 60 and 120 minutes and temperature at 673, 723, 773 and 823 K respectively, under argon atmosphere at 4 liters per minute. After experiments, the results of the investigation have shown that a condition used contact pressure at 3 MPa, holding time 120 minutes, and temperature at 773 K is complete and no defects and voids. Examination of the joint region using SEM and EDX showed that the microstructure in weld zone after welding is globular structure, and eutectics phases of two materials diffuse together. In weld zone, it was found that formation of eutectic phases has Al2CuMg, Mg2Si and Al2Mg2Zn3 phases along the bond interface, distributed throughout bond interface. The tensile tested showed the maximum tensile strength of 94.94 MPa. The hardness was tested for optimum hardness value, 121.20 HV. However, the heat during welding, resulting in precipitation within the aluminum matrix (α-Al), led to increased hardness after diffusion bonding.
Introduction
During many past years, the demand for materials in automotive industries, aerospace industries, and electronics industries increased ongoing; therefore, the development of materials for suitable applications is necessary. Many methods have been invented to enhance the properties of the material. Semi-solid Metal (SSM) casting is another way to increase the mechanical properties of the material with structural improvements [1] . It is a new technology and popularly used in many industries. Aluminum alloy is another material is formed with semi-solid casting techniques such as series 7XXX, 6XXX, 2XXX and 3XX aluminum alloy [2] [3] [4] . For welding of these aluminum together, it is not easy especially those welding between two different materials. The liquid-state-welding techniques of different materials are also much more difficult because their chemical properties are different and lead to the formation of porosities, solidification cracking, microstructure changes in welded zone, and other welding defects. Selecting an appropriate welding method for welding different materials to solve these problems is important. Solidstate-welding techniques are interesting as researchers have recently found these new techniques appropriate for welding different materials. Typically, there also have many successful methods, such as friction stir welding [6] , friction welding [7] , and diffusion bonding [8] [9] [10] . Among these welding techniques, the diffusion bonding technique is interesting because it has been widely used to produce reliable interfaces between similar and dissimilar materials. It relies on the diffusion of atoms to material bonded together. Diffusion bonding (DB) is a solid state joining process by which two nominally flat interfaces can be joined at an elevated temperature using an applied pressure for a time ranging from a few minutes to longer. This diffusion bonding technique is popularly used in producing main fuel tank for aircraft because no porosity can be observed after welding. The temperature is usually in the range of 0.5-0.8 Tm, where Tm is the absolute melting point of the material being joined [11] . The main parameters for diffusion bonding are holding time, temperature, contact pressure, and preparation surface. Although the welding of aluminum alloy by diffusion bonding technique succeeds, observed problems from oxide film (A12O3) usually present on the metal surface. These oxides are barriers for atomic diffusion because the oxide has a high melting point. However, good surface preparation is essential for diffusion bonding method.
In the present work, an investigation of the joining parameters that affects microstructure and mechanical properties of dissimilar diffusion bonding joints of the SSM7075 and SSM356 aluminum alloys is conducted. After diffusion bonding, samples are put to test tensile strength, hardness, and examined microstructure by scanning electron microscopy.
Experimental Procedures

Semi-Solid Metal Aluminum Alloys
In experiments, we studied on SSM7075 and SSM356 aluminum alloys; both materials were formed by semi-solid casting technique (Gas Induced Semi Solid; GISS). The conditions of casting for SSM7075 aluminum alloys were temperature at 640°C and nitrogen gas flowing rate at 5 liters per minute through porous graphite for 10 seconds by the time at quenching, then squeeze casting. Likewise, conditions of casting for SSM356 aluminum alloys were temperature at 620°C and nitrogen gas flowing rate 5 liters per minute through porous graphite for 8 seconds by the time at quenching, before being squeeze casting. The chemical compositions for SSM7075 and SSM356 aluminum alloys are shown in Table 1 . After casting, base metals of both materials have globular grain structures shown in Fig.1 . The microstructure of SSM7075 aluminum alloys includes aluminum matrix (α-Al) and eutectic phase (MgZn2) shown in Fig. 1(a) with the grain size at 20-25 µm. SSM356 aluminum alloys includes aluminum matrix (α-Al) and eutectic phase (Mg2Si) shown in Fig. 1(b) with the grain size at 19-22 µm. Fig. 1 . Globular grain structure of SSM7075 and SSM356 aluminum alloys.
Methods
The sample preparation was carried out by tuning surfaces with lathe automatic machine. The samples are cylindrical in shape with Ø12x45 mm, of which the surface was only lathed without polishing by grinding with P180 grit SiC paper [12] , and cleaned in acetone for 60 seconds. During diffusion bonding, the SSM356 sample is on the top side and SSM7075 aluminum alloy is on the bottom side of diffusion bonding with butt-welded joints. Bonding was performed in argon atmosphere at 4 liters per minute within a high temperature chamber attached to a testomatic-compression testing machine. The principle of diffusion bonding is shown in Fig. 2 and the joining parameters used for this experiments are summarized below:
1. Diffusion bonding temperature: 673, 723, 773, and 823 K 2. Contact pressure: 3 MPa 3. Heating holding time: 60 and 120 minutes.
After diffusion bonding, all samples are brought to be prepared for the surface with milling machine. Microstructure analysis was carried out by a light optical microscope (Olympus, model: BH2-UMA). The prepared samples were polished and finally etched with Keller's reagent: 190 ml H2O, 5 ml HNO3, 3 ml HCl, and 2 ml HF. The samples were etched for 5 seconds in order to study the grain structure of the weld zone and other areas. In order to verify the main bonding mechanism, diffusion analyses were carried out by scanning electron microscopy (SEM) with back-scattered electron image mode at the bonding interface on the central region of the samples. An electron microscope (FEI-Quanta, Japan; model: 400) was used, allocated in the Scientific Equipment Center, Prince of Songkla University, and Vickers hardness was measured by Zwick/Roell, model: ZHU. they are parallel to the direction of the contact area. The reason of this incident may cause from both lower temperature and shorter holding time which induce elimination of incompleted voids. However, we have noticed that when temperature increases from 673 to 773 K, it led to a decrease of the elongated voids shown in Fig. 3 (c) because, at higher temperatures, the atoms get increasingly energy. Thus, higher the holding temperature used, faster the diffusion occurred due to that the diffusion coefficient generally increases with increasing the temperature, based on Fick's second law of diffusion as shown in Eq. (1).
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where ∂c/∂t is the change in the solute concentration with the time at a given position in the substrates, representing isothermal solidification rate, D is the diffusion coefficient, and ∂ 2 c/∂x 2 is the change in concentration gradient with distance [13] . However, unlike Figs. 3(a)-(c) , the bonded line was nearly completed and found that elongated voids disappear. However, small amount of micro voids are presented shown in Fig. 3(d) , which the temperature at 823 K is generally considered as a complete sound bond without a distinct bond line. If the holding time is increased, adhesion between samples will become better. For example, during the temperature at 673 K and 723 K with 120 minutes holding time, it was found that elongated voids were eliminated; then, they turned into micro voids shown in Figs. 4(a)-(b) . Likewise, when temperature increases from 773 to 823 K, this eliminates the voids completely shown in Figs. 4(c)-(d) . Micro voids remain very few which is often particularly soiled areas or contaminated areas. Although high temperature for welding makes the pieces adhere together, it causes growth of the grains [14] . Similarly, holding time excessively lead to slowly creep behaviour of grains. As a result, grains grow (α-phase) and small grains will diffuse to the larger grains until they lose their globular shape. For the temperature at 773 K and holding time 120 minutes, the SSM7075 aluminum alloy has grain-growth size around 28-34 µm, and SSM356 aluminum alloy has grain-growth size around 25-29 µm shown in Fig. 4(d) . Figure 5 shows a micrographic overview in back-scattered electron image of the cross-section sample from scanning electron microscopy with magnification at 50X with the temperature at 773 K, holding time 120 minutes, and contact pressure of 3 MPa. It can be seen that two materials were seemed to be bonded but they come across the void with very little volume. It is noteworthy that the micro void locating at the centre of the bonded line was obtained from the bonded interface because heat energy is normally transferred from the edge of the materials to the centre of bonded interface where the heat energy eventually reaches to eliminate voids. However, when the samples were inspected at 1000X and 2500X magnification, voids can be found and shown in Fig. 5(a)-(b) . But, the size of the voids is very small. In experiments, the particle distribution was studied at various positions in the bonded line zone. The microstructure of the bonded line, taken at 1000X shown in Fig. 5(a) illustrates particle incorporation of MgZn2 phase in SSM7075 aluminum alloy. On the other hand, SSM356 aluminum alloy represents particle incorporation of Mg2Si phase; the temperature during diffusion influences repeated precipitation of MgZn2 and Mg2Si phase. Thus, only the recrystallization of the parent microstructure can be considered as a microstructural transformation caused by the thermal cycles [15] . Likewise, high temperature causes the movement of the particles from two materials resulting atomic diffusion because it can increase the diffusion rate. Moreover, thermal resulting precipitation of MgZn2 and Mg2Si phase after precipitation will make two phases have smaller particles shown in Fig. 5(b) . It is good to note that SSM7075 aluminum alloy can easily become more soluble phase and flow into SSM356 aluminum alloy. The particles were born from the diffusion between them. At the same time, the particles of SSM7075 aluminum alloy are diffused to SSM356 aluminum alloy because particles of SSM7075 are smaller and more soluble than particles of SSM356 aluminum alloy. Finally, higher temperature was prone to make buckling and deformed samples after welding. 
Diffusion Bonding of Particles in Bond Line
The distributions of the Zinc (Zn), Silicon (Si), Magnesium (Mg) and Copper (Cu), and Oxide (O) particles were studied at various positions both in the bonded line zone and near bonded line. We used an imagemapping technique to analyse the distribution of the particles. Figure 6 . shows the centre of the sample with temperature at 773 K, 120 minutes holding time, and the contact pressure of 3 MPa. The results showed that there have diffusions of atoms between the two types of materials. Figure 6 (a) shows aluminum matrix which is the basis of the two materials and Fig. 6(b) shows Zn particles in SSM7075 diffused to SSM356 aluminum alloy. Because Zn particles in SSM7075 aluminum alloy have higher concentrations; thus, it will diffuse to SSM356 aluminum alloy. Similarly, Cu particles in SSM7075 diffuse to SSM356 aluminum alloy shown in Fig. 6(e) . On the contrary, Si particles in SSM356 diffuse to SSM7075 aluminum alloy shown in Fig. 6(c) because of the higher concentration of Si in SSM356 aluminum alloy. However, Mg particles in SSM7075 aluminum alloy diffuse less than other alloying elements shown in Fig.  6 (d) because both SSM356 aluminum alloy and SSM7075 aluminum alloy already have Mg for 0.32 percent and 2.5 percent respectively. The eutectic phase distributing throughout the aluminum matrix was more when the temperature or time is increased [13] . Although these atoms are moving during high heat and proper length of time, diffusion rate of atoms also depends on the concentration of each element between two materials [14] . However, during diffusion bonding, it was found that oxygen occurred when it was not under vacuum condition shown in Fig. 6(f) . This is the reason why oxide was distributed throughout in bonded line and near bonded line. The oxide that occurred during the welding process results a slower rate of diffusion [16] . Although oxide hinders diffusion bonding process of aluminum alloy, welding under an argon atmosphere can reduce the amount of oxide. The chemical compositions of the bonded line were examined by EDX technique. The experimental results showed bonded line that has aluminum matrix for 83.15 percent, which the value of secondary Si particles was 5.0 percent and some Si particles just diffuse together between SSM7075 and SSM356 aluminum alloy. The value of Mg particles diffusing between the two materials was less, around 3.1 percent, because two materials have Mg in the main ingredient.
Furthermore, Zn particles in SSM7075 aluminum alloy were found that they diffuse to SSM356 aluminum alloy and the value was 4.0 percent. However, the rate of diffusion depends on temperature and holding time. When high temperature and longer holding time were used, the rate of diffusion was faster. In contrast, when low temperature and short holding time were used, the rate of diffusion was slower. It is noteworthy that the value of oxide was 4.3 percent and these oxides layer occurred from the infiltration in the bonded line during welding [16] . 
Tensile Strength of Joint
The tensile strength of the dissimilar joint of SSM7075 with SSM356 aluminum alloy is shown in Fig. 7 . It was found that at temperature of 773 K, holding time for 120 minutes, and the contact pressure of 3 MPa provides maximum average tensile strength value which was 94.94 MPa. Therefore, joint efficiency of welded samples is around 56.48 percent when base material aluminum SSM356 is 168.09 MPa, and joint efficiency of welded samples is around 45.86 percent when base material aluminum SSM7075 is 207.08 MPa. However, all samples are firmly attached at the bonded line in all conditions. The excessive longer time can reduce the tensile strength because of buckling distortion around the welded zone, but the very high temperature may also cause deformation of the sample after diffusion welding [16] . The equation used to calculate the joint efficiency is given as: (2) In contrast, the lower temperature and shorter time can reduce tensile strength due to elimination of the incompleted voids which represents the percentage of contact area. These voids and oxide layers are going to reduce tensile strength [17] [18] . For example, at temperature of 673 K and holding time for 60 minutes, an average tensile strength value was 27.56 MPa. When increasing temperature from 723 to 823 K, tensile strength also increases to 51.26, 71.13, and 69.44 MPa respectively. It is noteworthy that, when time increases, tensile strength increases as well because the diffusion of atoms of the two materials has increased. Therefore, the right variables are important for the diffusion bonding. Figure 8 shows microhardness profiles of hardness values from the welded middle section (0.2 mm away from the bonded line). In all condition, the hardness values in all regions were higher than the hardness values of base materials (As cast) -base SSM356 aluminum alloy was 67.23 HV and SSM7075 aluminum alloy was 104.70 HV -because heat during diffusion bonding led the eutectic phase of materials be precipitated [13] . This is similar to solution heat treatment process. Thus, only the recrystallization of the parent microstructures can be considered as a microstructural transformation caused by the thermal [19] [20] . When the temperature is increased from 673 to 823 K, hardness is also increased. Likewise, increasing holding time from 60 to 120 minutes, hardness is also increased. However, if time and temperature are too high, swelling and buckling after welding can be observed because eutectic phase will be changed to liquid. Figure 8 (a) shows a condition with 60 minutes holding time. It was found that the side of the SSM7075 aluminum alloy with temperature at 823 K provides the maximum hardness value for 112.56 HV. In addition, for the side of the SSM356 aluminum alloy, it was found that the hardness values of all temperature are similar around 67.04 HV. However, when holding time is increased to 120 minutes shown in Fig. 8(b) , the hardness value becomes higher, which temperature at 823 K creates the maximum hardness value for 121.20 HV. Moreover, the hardness value on the side of the SSM356 aluminum alloy was 73.53 HV and the hardness value in bonded line was 105.80 HV. Finally, diffusion bonding processes promoted hardness of the aluminum alloy after welded.
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